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Abstract. Detailed simulations were performed with a continuum-based Navier-Stekgas kinetic Bhatnagar-Gross-

Krook (BGK) and the Direct Simulation Monte Carlo (DSMC) flow solvers teritify and characterize the translational

and internal energy mode relaxation in high speed flows. Argon andyeitrehock structures were simulated to quantify
the nonequilibrium state. A new multi-translational temperature gas kinetielmas developed to match the capability of
DSMC. Bulk viscosity as an adjustable parameter to recover small degmftam rotational equilibrium in the Navier-Stokes

equations is explored in weak shock structures. In the context of nitrdigeociation, the models of vibrational bias for the
dissociation kinetics are presented.

INTRODUCTION

The recent resurgence in computing hypersonic viscoustiisvinteractions using Navier-Stokes and DSMC com-
putational methodologies highlights the importance of éiechapproach in simulating the translational and internal
energy mode relaxation prevalent in such flows. One of thadsayes is the ability to use both approaches and obtain
consistent solutions for the same flow conditions to hypscstbow problems that span both the continuum and rar-
efied flight regimes. The simulation of internal energy maglexation is fundamentally different in the two solution
approaches. In the continuum approach the Navier-Stokestieqs consist of source terms of reaction probabili-
ties for quantifying the thermal and chemical non-equilibr effects. See for example, Ref. [1]. These are typically
available from experiments for equilibrium conditionstthave the translational temperature-dependence.

The Navier-Stokes equations, derived from a first order @tspEnskog approximation are very successful in
hypersonic flows in the continuum regime, typically for a iKisen number less than 0.1 for small deviations from
translational non-equilibrium. However, at higher Knualsembers, the microscopic methods based on the Boltzmann
equation or the DSMC method provide more detailed inforomatin the degree of non-equilibrium. Equilibrium is
established relatively fast for the translational degreredom compared to internal degrees of freedom. Usually
the gas-kinetic times are small in comparison with the flome over which appreciable changes in the macroscopic
parameters of the gas, density or energy, take place. Whsea toaditions are satisfied it is possible to assign at every
instant of time a “translational" temperature, which clogezes the average kinetic energy of translational motio
of the particles. However, when the velocity distributiemd¢tion of the particles is anisotropic, as is the case in low
density, hypersonic non-equilibrium flows, multiple treatonal temperatures, one in the direction of flow and aeoth
in the direction perpendicular to the flow, need to be detedaDetailed simulations were performed in the present
study using a continuum-based Navier-Stokes solver, aldiegpBoltzmann solver, and a DSMC method to identify
and characterize translational and internal energy mddgaton in high speed flows.

ANALYSIS

The DSMC code is a modified [2, 3] version of that described log B4] suitable for multi-species monatomic
and diatomic gas flows. Diatomic molecules are modeled asguquantized rigid rotor rotational, and anharmonic
oscillator vibrational, energy levels. Elastic cross &gt are based on the VHS model. Inelastic cross sections
(Rotational-Translational and Vibrational-Translat$yrare based on the Borgnakke-Larsen model assuming consta
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or temperature-dependent collision numbers. Dissociatioss sections are based on the Weak Vibrational Bias
model [5], as modified in Ref. [2].

The Boltzmann equation represents the behavior of manyefgakinetic system in terms of the evolution equation
for the single particle gas distribution function. The siifigd collision model given by Bhatnagar-Gross-Krook
(BGK) model formulation is

of of  feA—f 1)

ot TYax T 1 (
where f, the distribution function, gives the number density of ewlles at positiorx and velocityu at timet.
If the distribution functionf is known, macroscopic variables of the mass, momentumgegrerd stress can be
obtained by integration over the moments of molecular vglom the BGK model, the collision operator involves
a simple relaxation to a local equilibrium distribution @iion €9 with a characteristic time scale Based on the
above BGK model, the Navier-Stokes equations can be olotauite the Chapman-Enskog expansion. However, the
nonequilibrium effects encountered in the transition te tarefied flows, such as translational and rotational non-
equilibrium, cannot be satisfactorily described in thetomrum model, hence, a kinetic description, Eq. 1, becomes
necessary. With the modification of the particle collisiond, the validity of the kinetic model is extended beyond tha
of the Navier-Stokes equations. An earlier attempt basatliemodel was successful for shock structure calculations
of the monatomic gas with a single translational tempeediil. In the following section, the modification to Eq. 1 to
formulate a multiple translational temperature model espnted.

Multi-translational temper ature modeling

For a gas with different translational temperatures in the and z directions, an anisotropic distribution is assiime
with equilibrium state prevailing in a given direction, aiwd a one-dimensional flow, written as:

9= p(A—,;WZ(A—;)1/2<A—,§>1/2exp[—Ax<ufU)zfAva — AW, 2

wherep is the densitylJ is the macroscopic velocity in thedirection, and(u,v,w) the components of the particle
velocity in the x,y and z directions, respectively. The parameteris related to the gas temperature, given by
Ax = M | 2Ky, Ay = A | 2KTy andA, = A [/ 2KT,.

The present paper improves on earlier kinetic models fotrtiveslational nonequilibrium to overcome the erroneous
shock solutions (See for example Ref. [7]). For this purpagereconstructed the particle collision process. Stgrtin
from the gas distribution functiof for a monatomic gas, the particle collisions drifiz¢o g andg, instead of frong
to g alone. During the course of particle collisions, it is difficto distinguish the process fromto g or from f to g.

In terms of the particle collision time for translationalnsmjuilibrium, they can be assumed to be the same. Therefore,
for the monatomic gas we construct a generalized BGK modéh#otranslational non-equilibrium,
1g-f g-—f
fi+ufy= 2[ T + T

B 3)

wheref is the real gas distribution function, agdandg are the corresponding Maxwellians. Note that the particle
collision timerT is related to the local dynamical viscosjtyand pressure, i.e., T = p/p. The relation between mass
p, momentunpU, total energypE, and the thermal energyE,_, in they andz directions are
o}
| eu | _ /
W= OE = Y fdudédn,
PEy -

wherey = (1,u, 3(u? +v2 +w?), 1 (v>+w?))T. Since only mass, momentum and total energy are conservawydur
particle collisions,f andg satisfy the condition

/%[(g—f)+(§—f)]wadudvdvv: S=(0,0,0,9)7, a=1234 (4)

The source terns can be still be modeled as= pR(Tx — Ty)/31. For any kinetic model with multiple translational
temperatures, one basic requirement is that the averagguketatureT = %(Tx+2Ty) in the 1D case should be
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the same temperature as the one-temperature gas kinetiel.niode take momentgu —U)?,v2 andw? on the
model given by Eq. 3, we can obtain the temperature evol@iprations for individual direction. When we add them
together and use the conditioit 3= Ty + Ty + T, a single equation for the averaged temperaiugan be obtained,
(PT)+ (PUT)x = (pT®¥— pT) /T, which is the same temperature evolution equation from destegnperature BGK
model, i.e.fi +ufx = (g— f)/1. The model given by Eq. 3 is shown to be a valid extension touwercthe multiple
temperature non-equilibrium from the original BGK becatise averaged temperature from the two-temperature
model is the same as that from a single temperature model.

In order to test the above model (Eq. 3), the numerical metlex@loped in Ref. [8] is used to solve Eq. 3. For
a finite volume method\V™™* = W + & I8 (Fj_1/2(t) — Fjpa/2(t))dt + S/At, whereW! is the cell averaged mass,
momentum, total energy, and the thermal energyamdz directions, and, 1, is the corresponding fluxes at a cell
interface by solving Eq. 3. Note thAt is the time stegt =t"*1—t", andS is the source term for the thermal energy.
The evaluation of the fluxes is based on the gas distributioctfon f at a cell interface. For the shock structure
calculation, due to the smoothness inside the shock ldyegads distribution function at a cell interface is cong&dc
using the Chapman-Enskog expansion and has the form

f = 3(9+) — 370 + &+ U(Gc+ o] + 3t(o + &) )

where thegy andgx can be obtained from the gradients of macroscopic varighted; andg; can be evaluated from
the compatibility conditionsf (g: + ugk) Ygdudvdw= 0 and [(g: + ugx)dudvdw= 0. Even with the ability to
recover two translational temperatures, the non-equilibdistribution (Eq. 5) is truncated to the Navier-Stokeden

and it will not be accurate in the description of rarefied floworder to capture the translational non-equilibrium etffe

in the rarefied flow regime, the constitutive relationshipAmen viscosity coefficient and other macroscopic vargble
have to be modified through the generalization of particléston time [6]. The generalized* will depend not only

on the macroscopic variables, but also on their gradierits.basic BGK model does not recover the correct Prandtl
number, therefore, to simulate the flow with a realistic [Ethnumber, a modification of the heat flux in the energy
transport at a cell interface, as used in Ref. [8], is impletae in the current study.

Bulk viscosity and rotational relaxation

A diatomic gas at moderate temperature will experiencesiotial energy exchange between the translational and
(quantized) rotational modes. It is difficult to write thelBonann equation in this case. The general model will depend
on the assumed molecular shape (viz. spherical).

Based on the quasi-classical theory, Wang Chang and Uhdkr®Ecarried out the Chapmann-Enskog expansion
to Navier-Stokes order. With the principal assumption afrshelaxation times and the same temperature to describe
the translational and rotational energy modes, they detive pressure tensor in the Navier-Stokes equations as

oUy ;.

oU; U 20U .
a—xka‘_”(

. — nf it _ = 6
Pi=p =0 dxj+6xi 3 9%« i) ©)
where p* is the equilibrium pressuregy the shear viscosity coefficient, amg the bulk viscosity coefficient. The
practical importance of bulk viscosity depends on the redatnagnitudes ofu and . Lighthill [10] obtained the
same result, where the bulk viscosity is expresseq as(y — 1)2pecvﬁ't T whereT is the mean relaxation time for
the rotational energy, which is usually writtenm@as- ZrT andT is the collision time andg is the rotational collision
number.

In the long relaxation limit, Wang Chang and Uhlenbeck detimn equation which in essence is the Navier-Stokes
equations with an additional relaxation equation for thienmal energy. This equation set has no additional bulk
viscosity term in the stress tensor since the dissipati@entduotational relaxation is explicitly accounted for witte
relaxation equation below, an equation also known as Jeguation.

De 9 0T &M -e

PBt “oxax P zat )

The usage of the two limiting equations mentioned abovemidpen whether the relaxation process has the short or
long relaxation time. More specifically, the criteria [LHcbe expressed asr = 1/dt, wheredt is the characteristic
time scale. For the sound wave propagation, the condition~ | /A << 1 can be satisfied when the wavelength
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of the sound wavea is much larger than the mean free path of the particle cofiisHowever, for the shock wave
structure,wt ~ M /N, whereM is the Mach number anN is the number of mean free paths inside the shock layer;
the characteristic time being the time for a particle to phssugh the shock layer. Therefore, the bulk viscosity
equations are not suitable for studies of strong shock waMes relaxation models are more suitable for shock
structure computations and as noted later in the result®aethe bulk viscosity modifications can provide reasdaab
predictions for weak shock structures.

Dissociation Kinetics

With an increase in flow velocity (or temperature), colligbenergy (translational and internal) becomes sufficient
to initiate dissociation in diatomic molecules. The disation process in the continuum formulation is modeled & th
form of an Arrhenius equatioks (Taf) = CfT exp(ed/Teﬁ) where the rate controlling temperatufigg requires
an appropriate definition. Present day hypersonlc codes dfden used the Park model to define the rate controlling
dissociation temperature, due to its ease of implememtatiowever, the model is shown to be inaccurate for a wide
range of temperatures. In order to highlight the kineticlingtions of nonequilibrium relaxation, dissociation netsl
differing in the vibrational bias, suitable for a wide rargfelegrees of nonequilibrium are discussed.

The Park model [12] expresses the dissociation coefficietdrins of an effective temperatur'beﬁ v/ TTy and
kdeff Kdeq(Teff) The Ladder and Weak Bias model were developed consideringrtérgy in the vibrational quantum

states of the dissociating diatomic molecule. Dissoamitithe Ladder model is assumed to take place only from the
last bound state whereas for the Weak Bias madlajuantum states contribute. The dissociation rate of thelbad
model can be written asy;ky_.continuumWhere,nj is the vibrational population in the last state aqe .continuum
is the dissociation rate from the last vibrational statee Wbdeak Bias model, in contrast to the previous model,
assumes dissociation to proceed from all the states,ngks..continuum N1K1—continuum N2K2_.continuum @and so on
to njky+_.continuum

In order to facilitate a comparison of the global rate of diation under different condltlons of vibrational bias,
it is useful to define an effective dissociation rdt@eﬁ [T, TV, Where:kdef_r [T, Tv|Niot = Zv oka,Nv andky, is the

dissociation coefficient from vibrational statand is assumed to be a functionTobnly. By expressing the functional

dependence of the population in each vibrational statermgef a vibrational temperatura, = Mot €XP( ) where

ib
Zyip is the vibrational partition functiorg, is the vibrational energy in the quantum levek is the Boltzmann constant,
N:ot is the total number density, arid is the vibrational temperature, one can expresskggﬁ [T, Ty] for the Ladder

and Weak-Bias model in terms of the equilibrium coefficieyjT|. For the Ladder model,

_ _ _ 1 Zvib[T]
kdef-f [T7 TV] - kdv* N[ kdeq[ } nv kdeq[ ] exds\,( T TV )} Zvib[Tv} . (8)
The Weak Bias form is given by:
kde [T] Zwb[T] v 1 1
et 1T = (v 1) ZufT ot 2, P T 7)) ©)

The value okg,, is obtained from experiments. Note that nonequilibriunuealof the effective dissociation coefficient
for the Ladder and Weak Bias forms differ substantially. Stege-specific dissociation rates compete with the V-V
and V-T rates and the state populations are depleted [1BEiexcitation phase.

RESULTSAND CONCLUSIONS

A comparison of solutions of DSMC and a multi-translatioteahperature gas kinetic model, Fig. 1, are shown for
the density and multi-translational temperatures in a Maalgon shock structure. The gas kinetic model predictions
of multi-translational temperatures and density (Fig.Ha)e an excellent match with those of DSMC. The averaged,
single translational temperature and density predict{&ig. 1b) and the normal stress and heat transfer predgtion
(Fig. 1c) of the gas kinetic model match those obtained fiwerdirect solution of the Boltzmann equation [14]. For the

case of the Mach 1.2 Argon shock structure, (figure not shdweninacroscopic values of density, temperature, normal
stress and heat flux predicted by NS solver match those of D&MIGhe direct Boltzmann solutions of Ref. [14]. For
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FIGURE 2. Demonstration of bulk viscosity as a rotational relaxation parameter, @hM.53 nitrogen shock structure
comparison with experiment, (b) Mach 1.9 air shock structure congravisth experiment

higher Mach numbers, however, the NS equations are not atkegnd a gas kinetic approach is necessary. For a Mach
2 Argon shock stucture shown in this report, the multi-ttatienal temperature, gas kinetic BGK model proposed in
this study provides excellent match with the DSMC and disettitions of the Boltzmann equation [14].

Fig. 2 shows the effect of the variation of the bulk viscogttydeviate from the Stokes hypothesis) in the Navier-
Stokes equation as an alternate means to the explicit rmgdeflithe rotatational relaxation inside the shock struetur
The predictions are shown for both bulk viscosity variawém = 0 and a highen in the NS equations and for explicit
modeling of rotational relaxation by the inclusion of théas@tion parameteZgr. Comparisons of NS solutions with
bulk viscosity modification with experiment, Fig. 2a shols tmproved prediction of density witin= u for a Mach
1.53 nitrogen shock structure and improved predictionmfterature withy = 0.8u for a Mach 1.9 air shock structure.

It may be concluded that adjusting bulk viscosity in NS eiurest to model the rotational relaxation is justified for
weak shock structures where the valueswaf~ 1/A < 1 and as noted earlier, the relaxation model may be more
suitable for strong shock wave structures.

The details of the nonequilibrium dissociation process gaa are still the subject of research. Various theoretical
and phenomenological arguments suggest that the vibehtstate or energy of a molecule has a relatively larger
influence on its probability of dissociation compared tg, ghe relative translational energy, or rotational stat¢he
limiting case, known as the Ladder model in continuum swidianolecule can dissociate only if it is in the top bound
level. Other continuum models may base the rate constarteoge¢ometric mean of the vibrational and translational
temperature (energy content) of the gas (e.g., the Parkliod@rovide for some vibrational bias. Similarly various
models, with varying [2] levels of physical realism, haveebgroposed for treatment of dissociation events at the
molecular level, as required in DSMC. The phenomenologiesk vibrational bias (WVB) model of Koura [5] has
been found to predict basic features of vibrational fawgrin

To analyze the dissociation event directly, it is usefuldasider as a model problem a spatially uniform, but multi-
temperature, bath gas. Fig. 3a shows the calculated twpeterture dissociation rate constag(T:, Ty) for the case
of a nitrogen bath maintained &= 10,000K as a function ofy < T;. This represents the basic condition that arises
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temperatures, (b) DSMC simulation of the vibrational energy distributiantfan

in shock layer compression flows, where the internal mod@égature rise lags that of translational temperature, due
to the lower inelastic relaxation rates. The DSMC and NSltebave been calibrated to recover the same equilibrium
rate constant af = T; = Ty = 10,000K. The DSMC results use the WVB model, as implemented in [Rgfwhile
several continuum dissociation models are shown: Laddeakvbias and Park model. The Ladder and Park model
exhibit several orders of magnitude lower dissociatior than the weak bias models. Rich, et al. [15] qualitatively
describe the relative influence of vibrational excitatiemgrgy content) on the dissociation behavior of a gas. For
assessment of nonequilibrium dissociation phenomenaantbroscopic scale, the vibrational distribution funotio

of molecules selected to dissociaf€y|D), has been found useful. Fig. 3b shows the vibrational endigfyibution
function of molecules selected for dissociation corresiug to the conditions of Fig. 3a, as predicted by DSMC.
As the average vibrational energy content of the gas deeseamlecules in the lower vibrational levels provide the
dominant contribution to the overall dissociation ratetéNihhat each distribution has been independently nornahlize
to obtainy, f(v|D) = 1; comparison with Fig. 3a shows that the absolute disdooiaate of the DSMC calculated
results decreases by an order of magnitude over the rangbratisnal temperature considered here. Models which
do not account for this physical effect cannot reproduceghienomenon over the range of conditions expected in and
across a shock wave.
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